The forest classification and mopping system currently used in managing the Tongass Notional Forest (NF) is based largely on an economic forest measure, net board foot volume per acre. Although useful for timber economic modeling, this forest measure poorly differentiates old-growth forest types in a way that is meaningful to ecological and social concerns. In 2005, we published an article presenting a proposed tree size and tree density mapping model for the Tongass NF. We claimed the model would provide better information on the structural patterns in old-growth forests than did the current mapping models based on net board foot volume per acre. We also stated that further testing of our proposed model is required before it can be fully integrated into forest management plans and landscape analysis. In this article, we used independent field data to evaluate our proposed tree size and density model and better define its accuracy. Results showed differences among mapping classes similar to differences observed in the development stages of the model. Results also showed mapping accuracy estimates between 60 and 80%. We used the model in a forest management application by comparing the representation of old-growth forest types within a landscape to the representation within a management-defined subset of that landscape.
T he Tongass National Forest (NF) in southeast Alaska contains some of the largest remaining tracts of intact temperate rainforest in North America. These coastal forests are dominated by large expanses of old-growth Sitka spruce (Picea sitchensis) and western hemlock (Tsuga heterophylla). In these forests, as elsewhere, old-growth is a surrogate for a larger set of ecological and social values and is therefore held in high esteem (National Commission on Science for Sustainable Forestry [NCSSF] 2005) . Not surprisingly, forest management of old-growth in the Tongass can be highly contentious. The controversy often focuses on two key issues: (1) differentiating, characterizing, and locating the most ecologically and socially important old-growth forest types and (2) ensuring that representation of these important forest types is maintained in the landscape.
Until now, the Tongass NF has differentiated and mapped oldgrowth on the basis of net board foot volume per acre (US Forest Service 1997 , US Forest Service 2003 . Although adequate for differentiating forests on the basis of timber productivity and economic value, this measure (hereafter referred to as timber volume) is not responsive to differences in ecological and social values (Caouette et al. 2000) . Ecological and social values relate more to forest structural characteristics such as distribution of tree sizes, tree densities, presence of canopy gaps, and the number of standing dead trees. Because timber volume does a poor job differentiating forest structure, it can Received November 14 2005; accepted March 17, 2007. not indicate whether a representation of specific old-growth forest stands of greatest interest are being maintained in the landscape or, conversely, reduced through logging.
Previous work on this problem (Caouette and DeGayner 2005) found that the interaction between two forest measures, average tree size and average tree density, had significant potential to differentiate, characterize, and locate old-growth stands based on structural characteristics. These common and relatively easy to obtain measures are superior to timber volume because they (1) better discriminate among structural characteristics relevant to ecological and social values; (2) provide patterns of differentiation that relate to ecological conditions and processes;
(3) better correlate to canopy characteristics as seen from the air; and (4) provide better information for forest management applications in forest ecology, wildlife habitat, timber economics, and conservation of diversity.
A recently developed forest-mapping model based on average tree size (quadratic mean diameter [QMD]) and average tree density (stand density index [SDI]) is described by Caouette and DeGayner (2005) . The mapping model, hereafter referred to as the size-density model, was created by intersecting selected attributes from three Tongass NF spatial data layers, namely, timber-volume class (4, 5, 6, and 7) from the timber type map, hydric-soil class (H) from the common land unit map, and North (N) and South (5) aspect classes from the digital elevation model (see Caouette and DeGayner [2005] for more details regarding these attributes and their associated spatial data layers). The final size-density model included seven mapping classes, including 4H, 4N, 4S, 5H, 5N, 5S, and 67. The class labels help identify those spatial data attributes used to create them. For example the size-density class SD-4H represents all areas mapped as timber-volume class 4 and hydric soils; the SD-5N class represents all areas mapped as timber-volume class 5, nonhydric soils, and North aspect; and the SD-67 class are all areas mapped as timber-volume class 6 or timber-volume class 7. In Caouette and DeGayner (2005) , we noted the need for further testing of the size-density model and better information regarding the predictive qualities of its seven mapping classes. We also noted a need to show the model's utility in specific forest-planning applications. Those recommendations gave rise to the study reported here. The objectives of this study were (1) to determine whether results obtained in Caouette and DeGayner (2005) were repeatable with independent data; (2) if so, to define the predictive capabilities of mapping classes within the model; and (3) to show the model's utility in a specific forest management application.
Methods
As a starting point we obtained ground data for 140 mapped units (i.e., polygons) from the size-density model (Caouette and DeGayner 2005) . Referred to as newly collected data, the 140 polygons were randomly selected from all model polygons greater than 25 ac, located in the nonwilderness portions of three largest ecological subsections (rounded hills, rounded mountains, and angular mountains) (US Forest Service 2002). We focused on three ecological subsections to minimize field travel costs, which are high in the remote and rugged terrain of southeast Alaska. The 25-ac minimum was necessary to avoid sampling sliver-type polygons that result from the intersection of multiple spatial databases. Some selected polygons were not sampled, owing to site inaccessibility or undocumented timber harvest. These polygons were replaced with a randomly selected polygon from the same mapping class. Each polygon 2$ was ground sampled using variable radius 40 basal area factor (BAF) ground plots (US Forest Service 1986). These plots were located along uniformly distributed grid points filling the polygon space. The sizes of the 140 polygons ranged from 25 to 372 ac (mean = 65 ac; median = 44 ac). The number of plots per polygon ranged from 15 to 30 (mean = 24; median = 24). Plots with no measured live trees greater than 9 in. in diameter were treated as nonforest and were excluded from the database. We augmented the 140-polygon sample with a 105-polygon sample constructed from existing field data. The field data, also 40 BAF plots, was obtained from various FS project-level inventories, where the objective was to field sample along transect or grid points covering most, or all, of the productive forestlands within a large watershed or a group of watersheds. Referred to as existing data, the 105-polygon sample included only those size-density polygons within a project area that contained 15 more existing field plots uniformly distributed within its borders. The sizes of the 105 polygons ranged from 72 to 1,069 ac (mean = 290 ac; median = 216 ac). The number of plots per polygon ranged from 15 to 96 (mean = 26; median = 21). As was the case in the newly collected data, those plots with no measured live trees greater than 9 in. in diameter were treated as nonforest and were excluded from the database.
Newly-Collected Data

Stand Density Index
The combined set of 245 field-measured sample polygons, hereafter referred to as the 2002-2003 accuracy assessment data, was treated as a random sample of the forested portions of all model polygons greater than 25 ac excluding wilderness areas, the Yakutat Ranger District, and extremely remote regions of the Tongass NF (Figure 1 ). The number of polygon samples varied among the seven mapping classes in the model. The average number of sample polygons per group was 35, and no one class had fewer than 20 sample polygons. The proportions of sample polygons among the mapping classes were compared with the proportions of total acreage mapped by each class ( mapped area) did not differ by more than 4 percentage points for any one class. Thus, any implicit weighting in the resulting statistical analyses caused by unequal sample sizes will reflect the distribution of area mapped by each class. Average QMD and average SDI were calculated for each of the 245 sample polygons. QMD (Curtis and Marshall 2000) was used in lieu of the arithmetic mean because it gives greater weight to large-diameter trees, which are widely perceived as having high ecological, economic, and social values. SD!, defined as the relative stocking or competition in a stand (Reineke 1933 , Curtis 1970 , was used in lieu of trees per acre because it tends to be uncorrelated with QMD and has its own associations with ecological, economic, and social values. Average QMD was calculated by taking the square root of the sum of the squares of the diameters of all sample trees in a polygon over the total number of trees. Average SDI was calculated by dividing each tree diameter by 10, raising it to the 1.6 power, summing these values for each plot in the polygon, and averaging across all plots in a polygon. Polygon means (QMD and SDI) were calculated using all live trees greater than 9 in. in diameter, and they were calculated using expansion factors accounting for the varying probability of selection for each sample tree. Average QMD and SDI polygon values were plotted in three separate scatterplots: one for the newly collected data (n = 140), one for the existing data (n = 105), and one for the two sets combined (n = 245). If large obvious differences exist (between QMD and SDI distributions in the existing and newly collected data sets), then the assumption that these two sets could be combined into a single sample would not be supported.
Model Repeatability
The bivariate QMD-SDI means and the 90% confidence ellipses were calculated and plotted for each mapping class in the size-density model (using the combined set of 245 sample polygons). The relative position of each mean in the QMD and SDI space and the degree of separation among means were compared (visually) with results reported in the development stages of the size-density model (see Caouette and DeGayner 2005) . Similar results would substantiate the hypothesis that the basic performance of the model (in terms of the patterns in differences among means) was repeatable using independent data.
Predictive Qualities of the Model
We defined tree size and density classes using percentiles from the univariate distributions of the 2002-2003 accuracy assessment data (n = 245 sample polygons). Three tree-size classes were created using values corresponding to the 25th and 75th percentiles in the QMD distribution. The small tree-diameter class was defined as values below the 25th percentile, the medium tree-diameter class was defined as values between the 25th and 75th percentiles, and the large tree-diameter class was defined as values above the 75th percentile. Likewise, two tree-density classes were created using the value corresponding to the 60th percentile in the SDI distribution. The low tree-density class was defined as values below the 60th percentile, and the high tree-density class was defined as values above the 60th percentile. For each mapping class, we calculated the percentage of sample polygons with a measured mean value falling within each newly defined size and density class. These calculated percentages were treated as accuracy estimates for the seven size-density model mapping classes.
Applying the Model: Representation of Old-Growth Forest Types
We used the size-density model to portray the representation of old-growth forest types within a landscape and then compared that with the representation of old-growth forest types within management-defined subsets of that landscape (e.g., reserves and harvest units). This type of analysis allows forest managers to address two questions: (1) do the reserves maintain forest types in proportion to their occurrence in the larger landscape and (2) are specific forest types being harvested at disproportionate rates. To illustrate this type of application, we focused on a specific southeast Alaskan landscape called Cleveland Peninsula. Located east of Clarence Strait and 30 air ml north of the city of Ketchikan, Cleveland Peninsula is largely undeveloped and contains several designated old-growth serves (US Forest Service 1997), and it is the site of a recently proposed FS timber sale. We used the size-density model to estimate the distribution of forest types across Cleveland Peninsula by summing the total acres mapped for each class in the model and then converting acres mapped to percentages of the total. Using this same process, we modeled the distribution of forest types within oldgrowth reserves and within proposed timber harvest units on Cleveland Peninsula. The representation of forest types on the Peninsula was compared with the representation of forest types within a subset of the landscape, old-growth reserves, and proposed timber harvest units.
Results
There were no obvious differences between the bivariate distributions (QMD and SDI) from the newly collected (n = 140) and the existing (n = 105) data sets ( Figure 2 ). We therefore combined these two data sets into one large sample used to evaluate and define the size-density model.
Model Repeatability
The differences among class means 2002-03 data appear to corroborate those differences reported in the development of the sizedensity model (Figure 3) . For example, mapping class size-density 5S (SD-5S) resulted in a relatively high mean SDI and a relatively high mean QMD, putting its location in the SDI-QMD space closest to the upper-right corner. This is consistent with results reported in the development stages of the model (Caouette and DeGayner 2005) . Similar corroborating patterns resulted for other size-density model mapping classes, including SD-67, which consistently resulted in the highest average QMD, and mapping class SD-4H, which consistently resulted in the lowest average QMD.
Predictive Qualities of the Model
The resulting univariate QMD and SDI distributions are shown in Figure 4 . Tree size and density classes, defined from these distri-butions, are shown in Table 2 . The percentage of sample polygons (from each mapping class) with a mean value falling within a tree size or tree density class is shown in Figure 5 . For example 78% of sample polygons in mapping class SD-4H had a ground-measured mean QMD below 17 in. (i.e., the small tree-diameter class), 69% of sample polygons in mapping class SD-67 had a mean QMD greater than 21 in. (i.e., the large tree-diameter class), and 63% of sample polygons in mapping class SD-4S had a mean SDI greater than 280 (i.e., the high-density class).
Applying the Model: Representation of Old-Growth Forest Types
The size-density model indicated little difference in composition of forest types between the Cleveland Peninsula landscape and designated old-growth reserves within that landscape ( Figure 6 ). The model did indicate substantial differences between the Cleveland Peninsula landscape and the planned FS timber harvest units (US Forest Service 2005a). The FS harvest units contained a higher proportion of SD-5H and -5N mapping classes, and a much lower proportion of classes SD-4H, SD-4N, SD-55, and SD-67.
Discussion
The size-density model better differentiates old-growth forest types based on structural features then does the existing timber-volume model. The size-density model could be used as an interim forest management tool while more contemporary forest models and maps are developed. The size-density model represents the best available information for quantifying and portraying structural patterns across the old-growth portions across the Tongass NF. We suggest the model be used for broad-scale planning and analyses (e.g., forest and landscape).
The size-density model will likely improve forest management and analyses in applications related to timber economics, wildlife habitat, and conservation of diversity. Components of the model have already been applied in landscape-level studies involving deer and bear habitat . Using independent data, we were able to repeat the model's performance reported during its development stages (Caouette and DeGayner 2005) . Repeatability across multiple independent data sets increases the confidence that certain modeled relationships are general and not specific to the circumstances that may have prevailed in a single data set (Johnson 2002) . We estimated the predictive qualities of the size-density model to range between 60 and 80%, comparable with the estimated 65-70% forest-mapping accuracy rates reported in other parts of the Pacific Northwest (Spies and Cohen 1999) . Our approach to modeling is consistent with the basic tenets of Bayesian type modeling where no one model is considered the "fully correct" model; and more simple and parsimonious models often are preferred to complex ones (Hilborn and Mange) 1997) . We suggest our model is a good practical example of the emerging field of macroecology (Brown 1995) for two reasons: (1) macroecology focuses on modeling across broad scales so as to make good use of existing inventory data sets, which often are distributed over large areas; and (2) macroecology focuses on only those predictive factors in which their influence on the response variable is consistent across large areas, despite the fact that such influences may not be observed or detected within smaller areas of study. The interaction between tree sizes and tree densities is a powerful analytical tool for many types of biological and ecological modeling (Enquist 2003). Our measured response variables (QMD and SDI) are close proxies to those recommended nationally for classifying and mapping forest structure across all FS lands (US Forest Service 2005b).
The conservation of old-growth forest types is a major concern in southeast Alaska, owing in part to 50 years of large-scale logging of these forests (US Forest Service 1997 , US Forest Service 2003 . Certain old-growth forest types have been logged at rates higher than their representation in the greater landscape (Baichtal and Swanson 1996, US Forest Service 1999) . As part of a coarse filter analysis, biologists and ecologists need methods to determine whether reserves are allocated effectively. The size-density model could help address conservation concerns on the Tongass NF by showing differences in representation of individual mapping classes between a landscape and a management-defined subset of that landscape. For example, our analysis of the Cleveland Peninsula landscape showed that composition of old-growth forest types within the old-growth reserves is comparable with the larger landscape. This indicates potential good reserve placement for conservation of forest diversity. An analysis such as this can be used in evaluating the effectiveness of the old-growth conservation strategy used in the 1997 Tongass Land Management Plan. Managers also may use the size-density model to screen for representation issues within individual FS timber sales. If the model indicates disproportionate patterns in the timber harvest units, then the land manager should consider whether this is a conservation concern requiring mitigating actions. In most cases further investigation of modeled outcomes may be warranted through additional plot data, field visits, or photo interpretation.
